Background: Obesity is associated with major changes in the circulating IGF system. However, it is not clear to what extent the IGF system is normalized following diet, and the possible role of different types of diet is also unknown. Objective: To compare changes in the circulating IGF system following 12 weeks of moderate energy restriction (7000 kJ/day) in overweight or obese males on a high protein high red meat diet (HP) or a high carbohydrate diet (HC). Design: Seventy-six men (mean age, 51G1.0 years; body mass index, 32.8G0.5 kg/m
Introduction
Weight loss through energy restriction has a significant impact on improving cardiovascular disease (CVD) risk profile including favourable changes in adipokines (adiponectin and leptin), hyperlipidaemia, hypertension and insulin sensitivity (1, 2) . Weight loss also affects the insulin-like growth factor (IGF) system which can modulate carcinogenesis, CVD progression and longevity (3, 4) .
Obesity is associated with major changes in the circulating IGF system. Most characteristically is a markedly reduced GH secretion, which, however in some studies, appears to be sufficient to maintain circulating levels of immunoreactive, free as well as bioactive IGF1 within the normal to high range (5) , whereas other studies have reported that free IGF1 in obesity is in the lower normal range (6) (7) (8) or decreased (9, 10) . Furthermore, obesity is associated with elevated IGF2 levels and reduced levels of the two insulinsuppressible IGF-binding proteins (IGFBPs), IGFBP-1 and -2 (5, 11) .
In obese subjects, the response of the IGF system to fasting or moderate energy restriction differs from healthy non-obese subjects. Short-term fasting (4 days) decreased total IGF1 to a greater extent in non-obese than obese subjects, whereas IGFBP-1 increased, and IGFBP-3 was unchanged for non-obese and obese subjects (12) . However, when obese subjects followed a very low calorie diet (800 kcal/day) for 8 weeks, total IGF1 and IGFBP-1 and -2 increased, free IGF1 remained stable, and total and free IGF2 decreased (13) . How these changes may affect IGF bioactivity remains unknown.
In addition to the energy content of a diet, dietary composition may also be associated with circulating IGF levels in obesity. A 3-month dietary intervention combined with exercise showed that a high protein (HP) diet (40% En) in comparison to a moderate protein diet (25% En) significantly increased total IGF1 and IGFBP-1 (14) . However, the diets were not matched for energy intake, and therefore a study that controls for energy intake is required to identify whether an HP diet per se can increase IGF1 and IGFBP-1. To date, the effect of diet composition on IGF1 bioavailability has not been reported in an intervention study.
We aimed to investigate the effect of weight loss in subjects on an HP high red meat diet compared to a low red meat high carbohydrate (HC) diet in obese men on IGF1 bioavailability as determined by a cellbased assay, which measures the ability of serum to activate the IGF1 receptor (IGF1R) in vitro, and accordingly integrates the signals from IGF1, IGF2 and the IGFBPs. In addition, we compared IGF1 bioactivity to immunoreactive levels of IGF1, IGF2, pro-IGF2, the IGFBPs and the soluble IGF2 receptor (sIGF2R). Changes in body weight (BW), abdominal fat mass, insulin sensitivity and adipokine levels (adiponectin and leptin) following weight loss were used to confirm that the diets were sufficient to induce physiological alterations.
Subjects and methods

Subjects
Overweight and obese men with abdominal obesity and at least one other additional risk factor for the metabolic syndrome according to the criteria of the International Diabetes Federation were recruited by public advertisement to participate in a 12-week outpatient weight loss trial (15) . Subjects were excluded if they had a history of liver, cardiovascular, peripheral vascular, respiratory or gastrointestinal disease, diabetes or malignancy. Prior to the study, participants completed a health and physical activity screening questionnaire, and were not eligible to participate if they were currently consuming a weight loss diet or if their weight had fluctuated by more than 3 kg in the 6 months prior to the study or had widely fluctuating exercise patterns. Accordingly, all included subjects were considered weight stable at the time of study commencement. One hundred and twenty-three subjects aged 51G1 years with a body mass index (BMI) of 32.8G0.5 kg/m 2 were enrolled in the study.
The study protocol was approved by the Human Ethics Committee of the Commonwealth Scientific Industrial Research Organization (CSIRO), and the subjects provided written informed consent.
Study design
In a parallel design, participants were matched for age and BMI, and were randomly assigned to isocaloric energy-restricted diets either HP (nZ61) or HC (nZ62) for 12 weeks. At baseline (week 0) and after weight loss (week 12), participants attended the clinical research unit at CSIRO after an overnight fast. At each visit, height, weight and blood pressure of the participants were measured. Body composition was determined using dual-energy X-ray absorptiometry, and a venous blood sample was collected and the serum was stored at K80 8C. A subset of serum samples (HP, nZ34; HC, nZ42) were available for IGF analyses. A range of other experimental end points were also measured, and these have been reported previously (16) (17) (18) . Throughout the intervention, participants attended the clinic fortnightly for a weight check and a consultation with a dietitian. Apart from the dietary intervention, subjects were asked to maintain their usual lifestyle throughout the study.
Dietary intervention
Subjects attended individual consultations with a dietitian who prescribed the appropriate protein and kilojoule (kJ) level for the individual, and provided instruction on the structured eating plan and dietary requirements, method for recording food intake and need for compliance.
Subjects were issued with digital kitchen scales to weigh food. They were encouraged to consume two cups or more of low carbohydrate vegetables per day, and a range of additional low energy foods were allowed. Four standard serves of alcohol were permitted per week. Each 2 weeks until 12 weeks, subjects attended the Clinical Research Unit and were supplied with key food items (red meat or chicken, breakfast cereal, bread and dairy foods) that were consistent with their allocated diet to encourage compliance. Each supply provided w60% of projected daily total energy intake and was isocaloric between groups.
The fatty acid profile of diets was planned to be the same between diets. Checklists of all foods consumed were completed daily, and 3-day weighed food records were analysed in each 2-week period.
The protein for the HP diet was based on 1.5 g protein per kg BW. The HC pattern was matched to the HP pattern in total kJ and saturated fat. The template diets for the 7000 kJ levels are outlined in Table 1 . Higher and lower energy levels were proportional to these amounts to ensure the same protein:energy ratios.
Dietary intake was assessed from daily checklists and weighed food records kept by participants. Assessment of food intake at baseline and for a 3-day period for every 2 weeks during the 12-week intervention was performed using a food frequency questionnaire (FFQ) by the AntiCancer Council of Victoria (ACCV), which has been validated by Hodge et al. (19) and Xinying et al. (20) .
Biochemical analyses
All samples from each participant were analysed within the same assay run in duplicate. Plasma glucose was measured on a Hitachi 902 autoanalyzer (Roche Diagnostics) using a commercial enzymatic kit (Roche Diagnostics). Plasma insulin concentrations were determined using a commercial ELISA kit (Mercodia ELISA; ALPCO Diagnostics, Uppsala, Sweden). Insulin resistance was estimated using the homeostatic model assessment (HOMA) (21) .
Total serum IGF1 and 2 were measured after acid ethanol extraction with non-competitive time-resolved immunofluorometric assays (TR-IFMA; PerkinElmer LifeSciences, Turku, Finland) with intra-and interassay coefficients of variance (CV) of 5 and 10% respectively (22) .
Bioactive IGF1 was measured by the IGF1 kinase receptor activator assay based on human embryonic renal cells (EBNA 293) transfected with the human IGF1R gene (23) . In brief, cultured cells were stimulated with either IGF1 standards or serum samples (diluted tenfold) from the subjects in this study. After 15 min, samples were removed, and the cells were lysed. The crude cell lysates were then transferred to an assay that detects the concentration of phosphorylated (e.g. activated) IGF1Rs. This assay uses a monoclonal capture antibody against the extracellular IGF1R and a europium-labelled monoclonal antiphosphotyrosine antibody (PY20) as the tracer. The assay is sensitive (detection limit !0.08 mg/l), specific (IGF2 crossreactivity is 12%; proinsulin, insulin and insulin analogues have a cross-reactivity !1%) and precise (mean with-in and in-between assay CV were !7 and !15%).
Serum IGFBP-1 was measured by in-house RIA performed as described by Westwood et al. (24) with modifications (25) and intra-and inter-assay CV of 5 and 12% respectively. The assay had been calibrated against a commercial IGFBP-1 ELISA (Diagnostic Systems Laboratories (DSL), Webster, TX, USA). Serum IGFBP-2 was determined by an in-house TR-IFMA with an intra-and inter-assay CV of 5 and 12% respectively (26) .
Serum IGFBP-3 was measured using a commercial RIA from DiaSource (Nivelles, Belgium). The IGF1:IGFBP-3 molar ratio was calculated based on 1 mg/l IGF1Z0.130 nmol IGF1 and 1 mg/l IGFBP-3Z 0.036 nmol IGFBP-3.
Pro-IGF2 was measured by in-house TR-IFMA as described in detail in Espelund et al. (13) . The intra-and inter-assay CV were !5 and !11% respectively. sIGF2R levels were determined by a novel-validated in-house TR-IFMA as recently described (27) . In brief, the assay uses a commercial polyclonal anti-human IGF2/M6P-R antibody for catching and detection, and truncated rhIGF2/M6P-R as standard (both obtained from R&D Systems, Abingdon, UK). All in-house assays have a with-in and in-between assay CV averaging !8 and 16%.
Total adiponectin was measured by TR-IFMA as described (28) with intra-and inter-assay CV of 5 and 10%. Leptin was determined by a validated in-house TR-IFMA based on commercial reagents (from R&D Systems: two MABs (catalogue numbers MAb 398 for coating and BAM 398 for detection) and recombinant human leptin as standard (catalogue number 398-LP)), and carried out essentially as the adiponectin TR-IFMA (28) . The recovery of exogenously added leptin to serum averaged 96.8G0.2%, the intra-assay CV averaged !5% and the inter-assay CV averaged !10% (O50 assay set-ups).
Statistical analysis
Data are presented as meansGS.E.M. Two-tailed statistical analysis was performed using SPSS for Windows 16.0 software (SPSS Inc., Chicago, IL, USA) with statistical significance set at a level of P!0.05. IGF data were normalized by log transformation prior to analysis. Baseline data were assessed using a Student's t-test. Comparisons over time and between groups were 
Results
There were no differences in baseline energy intake between subjects consuming the two diets as assessed using the ACCV FFQ (Supplementary Data, see section on supplementary data given at the end of this article). Differences in grams of protein, % energy from protein, grams of carbohydrate and % energy from carbohydrate were achieved (Supplementary Data). Fibre intake was also significantly different, but both diets reached adequate intake (AI). Significant differences in micronutrient intakes (calcium, iron and zinc) suggest that overall the HP diet was more nutrient dense than the HC diet (Supplementary Data).
Baseline characteristics are shown in Table 2 . At baseline, there were no differences between the dietary treatment groups for any of the parameters measured. Following 12 weeks of dietary intervention, both diets had similar effects on improving body composition ( Table 2 ). There were significant reductions (P!0.0001) in BW on both diets at 12 weeks (HP, 9G0.6 kg; HC, 8G0.5 kg) with no significant difference between diets. At 12 weeks, there was a greater reduction in abdominal fat mass on HP (HP K0.76 G0.38 kg versus HC K0.56G0.36 kg; P!0.02). There was also a trend for body fat mass loss on HP in comparison to HC (PZ0.079 for time by diet interaction). As a result of the changes in body composition overall, there were marked improvements in fasting insulin (HP K34G1%; HC K33G4%, P!0.0001) and insulin sensitivity (HP 37G4%; HC 35G3%, P!0.0001; Table 2 ). Furthermore, adiponectin (HP 10G3%; HC 7G3%, P!0.001) and leptin (HP K50G4%; HC K46G2%, P!0.0001) improved following both diets (Table 2) . At 0 and 12 weeks, leptin was significantly associated with BW (rZ0.533, P!0.001; rZ0.49, P!0.001), total fat mass (rZ0.69, P!0.001; rZ0.64, P!0.001) and total abdominal fat mass (rZ0.55, P!0.001; rZ0.58, P!0.001). Adiponectin did not correlate with these measures, but did correlate with HOMA1-IR at 12 weeks (rZK0.45, P!0.01).
Twelve weeks of diet intervention increased total IGF1 (HP 23G3%; HC 18G3%, P!0.0001), IGFBP-1 (HP 24G10%; HC 25G9%, P!0.003), IGF1:IGFBP-3 (HP 29G4%; HC 22G3%, P!0.0001) and bioactive IGF1 (HP 18G6%; HC 15G5%, P!0.002), whereas IGFBP-3 decreased (HP K3.8G1.2%; HC K2.6G1.1%, P!0.0001; Fig. 1 ). Bioactive IGF1 correlated with total IGF1 at baseline (rZ0.49, P!0.01) and at 12 weeks (rZ0.53, P!0.005), but did not correlate with IGFBP-1 or IGF1:IGFBP-3 (Table 3 ). IGFBP-1 was inversely correlated with BW, fat mass and lean mass at baseline and at 12 weeks (Table 4) .
Irrespective of diet type, total IGF2 decreased (HP 7G3%; HC 3G2%, P!0.001), while IGFBP-2 increased (HP 34G9%; HC 50G8%; P!0.001) following the 12-week dietary intervention ( Table 2 ). The change in total IGF2 over the 12 weeks was positively correlated with the changes in HOMA1-IR (rZ0.41, P!0.0001; Table 4 ). At week 12, IGFBP-2 was inversely correlated with BW, fat mass and lean mass (Table 4) . Additionally, the HC diet increased IGFBP-2 more than the HP diet (HP 34G9%; HC 50 G8%, P!0.05). Levels of sIGF2R (HP K10G2%; HC K6G3%, P!0.0001) and pro-IGF2 (HP K3G2%; HC K6G3%, P!0.001) were reduced following the HP and HC diets (Fig. 1) . The reductions in sIGF2R and pro-IGF2 were correlated with total IGF2 most strongly at baseline (rZ0.49, P!0.0001 and rZ0.50, P!0.0001; Table 3 ). Furthermore, the changes in sIGF2R and pro-IGF2 were correlated with the change in total IGF2 (Table 3 ). The change in insulin resistance (HOMA-IR) was correlated with total IGF2 and sIGF2R (Table 4) .
Discussion
This is the first clinical intervention in obese subjects to show that in the context of moderate energy restriction, the dietary composition did not affect circulating IGF levels, and with the exception of IGFBP-2, the same was true for the IGFBPs. Previously, a 3-month dietary intervention that did not control for energy intake showed that a HP diet (40% En) in comparison to a moderate protein diet (25% En) significantly reduced energy intake and increased total IGF1 and IGFBP-1 (14) . Taken together, this suggests that energy restriction rather than the amount of protein in the diet has the greater effect on IGF levels. In contrast, in crosssectional studies in healthy weight individuals, total IGF1 was associated with total protein (30) (31) (32) (33) and red meat (31, 34) . Furthermore, Fontana et al. (35) showed that reducing protein intake from an average of 1.67-0.95 g/kg of BW per day for 3 weeks in six healthy weight volunteers practicing caloric restriction resulted in a reduction in serum IGF1 from 194 to 152 mg/l. However, in the current study of obese subjects, the HP diet with moderate energy restriction did not affect total IGF1 levels any differently to the HC diet. Furthermore, the other IGF-related proteins that were measured were not affected differentially by diet type, except for IGFBP-2, which increased to a greater extent on the HC diet in comparison to the HP diet. As diet type did not affect total IGF2, pro-IGF2 or sIGF2R levels, this suggests that in the context of moderate energy restriction, the effect of diet type on IGFBP-2 levels may have limited biological significance.
Total IGF1 and IGFBP-1 increased following both diets, which is consistent with an energy restriction study in obese subjects that showed an increase in both proteins (13) . Previous studies in obese subjects have reported no change in total IGF1 after short-term dietary restriction (36, 37) . Thus, the observed changes in the current study are more likely to be due to the weight loss after a 12-week energy restriction than energy per se. In addition, in the current study, IGFBP-3 decreased and the IGF1:IGFBP-3 molar ratio and bioactive IGF1 increased following both diets. These changes in IGF1 may be regulated in part by an improvement in insulin sensitivity. We have shown that insulin resistance, as measured by HOMA1-IR, was inversely correlated with IGFBP-1 and -2 at 12 weeks. Furthermore, the change in insulin resistance following weight loss was also inversely correlated with the change in IGF1, but not bioactive IGF1. This suggests that the improvement in insulin sensitivity following weight loss may upregulate the expression of IGF1 and IGFBP-1 and -2. Insulin has been shown to directly regulate IGF1 expression in rat hepatocytes (38) . Furthermore, subjects with type 1 diabetes have lower free and total IGF1 levels than controls, and those type 1 diabetes subjects with detectable levels of C-peptide had higher levels of total and free IGF1 than subjects with undetectable levels of C-peptide (39) . The increase in IGF1 and bioactive IGF1 may also be regulated by changes in GH levels following weight loss. Rasmussen et al. (40) showed that in obese subjects, weight loss restored 24-h GH release profiles to levels seen in lean Energy restriction, red meat and IGF subjects. However, GH was not measured in the current study.
In the current study, the change in IGF1 bioactivity is only reported directly following the weight loss phase. Therefore, what happens during weight maintenance is unknown. A recent study in pre-menopausal women at an increased risk of breast cancer has showed that serum total IGF1 increased following weight loss, but there was no change in free IGF1 (41) . Another study by Rasmussen et al. (10) showed that free IGF1 was lower in obese subjects, and that the levels returned to that seen in non-obese subjects following weight loss. However, neither of these studies measured IGF1 bioactivity.
Moderate energy restriction in the current study effectively induced weight loss and lowered total IGF2. A similar result was reported by Espelund et al. (13) , who subjected their volunteers to a more severe energy restriction of 800 kcal/day for 8 weeks and showed a similar reduction in total IGF2 concentration. As we also showed that pro-IGF2 decreased in conjunction with decreased IGF2, this suggests that under energy restriction, there is a decreased production of pro-IGF2, rather than an increased conversion of pro-IGF2 to total IGF2. The change in total IGF2 may be regulated by an improvement in insulin sensitivity as the change in IGF2 correlated with a change in HOMA1-IR. To examine this further, it is necessary to investigate gene expression of IGF2 to identify if energy restriction regulates IGF2 at the cell level.
Diet-induced weight loss reduced serum sIGF2R concentrations, irrespective of diet type. This is in agreement with observations following gastric banding, which also lead to reductions in sIGF2R (27) . At this stage, the role of sIGF2R in obesity is not clear, but the soluble receptor is able to bind IGF2 and block IGF2-induced DNA synthesis in a number of cell lines, thus modulating cell growth (42) . Furthermore, the concentration of sIGF2R at baseline correlated with IGF2 which suggests that they are regulated by similar factors. Adiponectin increased and leptin decreased following both diets, which is consistent with the reduction in total abdominal fat mass in these subjects. However, it is not clear whether these changes in adipokines directly influence changes in circulating IGF levels following weight loss.
In summary, weight loss induced by moderate energy restriction had the largest influence on total and bioactive IGF1, IGFBP-1, -2 and -3, pro-IGF2 and sIGF2R concentrations, which were independent of type of diet, HP or HC. Although IGF2 levels decreased following weight loss (independent of diet type), the increase in IGF1 concentration and bioactivity might be explained by improvements in insulin sensitivity. To further understand the longer term changes in IGF levels following weight loss, it would be important to examine IGF levels during weight maintenance and/or weight regain in future studies.
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